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Aging of C. elegans: Minireview
Mosaics and Mechanisms
Cellular Aging
There are many possible causes for cellular aging, some
of which are supported by experiment, but the mecha-
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nisms remain unclear. Besides oxidative damage, oneBoulder, Colorado 80309
explanation that has received considerable attention is
telomere shortening, but the causative role of this pro-
cess has been questioned (reviewed in Guarente, 1996;
Rubin, 1998; Sedivy, 1998). Another novel explanationSystemic or Cellular Aging?
has come from experiments with budding yeast showingMany changes occur as an animal ages. To name a few,
that aging can be caused by accumulation of extrachro-proteins become modified and cross-linked, somatic
mosomal circular DNAs, which normally result from re-mutations accumulate, stress resistance decreases,
combination at the rDNA locus (Guarente, 1996; Sinclairand the probability of death increases. One reason for
and Guarente, 1997). One of the genes controlling thisthese changes is thought to be oxidative damage to
process is SGS1, mutations in which cause accelerationmacromolecules and lipid membranes, caused by su-
of both circle formation and aging. There was consider-peroxides and other free radicals resulting from aerobic
able excitement when SGS1 was shown to encode ametabolism (Sohal and Weindruch, 1996). In the somatic
DNA helicase of the RecQ class (Sinclair and Guarente,cells, this damage can be partially but never completely
1997) and to be homologous (at least in the helicasecounteracted by mechanisms for elimination of free radi-
domain) to the human WRN gene (Yu et al., 1996), whichcals as well as turnover and repair of macromolecules.
mutates to cause the heritable premature aging diseaseAlthough deleterious changes inevitably accumulate,
known as Werner's syndrome. These findings sug-
their rates of accumulation and the resulting life spans
gested that accumulation of rDNA circles and nucleolar
of animals are genetically controlled. Different species, fragmentation could be a general cause of cellular aging,
even related ones, can have markedly different aging but this view remains to be substantiated.
rates and life spans. Bats, with an average life span of Genetic Control of Animal Aging
z30 years, age much more slowly than mice, with an In Drosophila, several investigators obtained early evi-
average life span of z2 years, although both are mam- dence for genetic regulation of aging by selective breed-
mals with similar body weights and metabolic rates. ing to obtain strains that could live 40% to 60% longer
Moreover, mutations that affect life span have been than the wild type. The long-lived strains were also gen-
found in several species. Because mutations that simply erally more resistant to stresses such as heat shock or
shorten life can do so indirectly in many ways, most of the free-radical generator paraquat, and, where tested,
the interesting insights so far have come from mutations had higher expression levels of SOD, CAT, and other
or genetic manipulations (e.g., overexpression) that re- antioxidant enzymes than wild type. A causative effect
sult in longer life span, defining genes whose normal of such increases was suggested by reports that flies
overexpressing both SOD and CAT transgenes exhib-roles include regulation of aging.
ited increases in life span and stress resistance similarTwo kinds of genes could affect aging rates. An ob-
to those of the selectively bred long-lived strains (seevious class includes those genes that directly affect
references in Arking, 1998). Similar conclusions haveintracellular mechanisms for protection, turnover, and
been reached in other animals including C. elegans,repair of macromolecules and cell membranes. Exam-
where several quantitative trait loci affecting both lifeples would include the genes for enzymes that eliminate
span and stress resistance have been identified (Shookfree radicals, such as superoxide dismutase (SOD)
et al., 1996).and catalase (CAT), and enzymes of the DNA repair
Two generalizations emerge from these studies: (1)machinery. A second class would include genes that
increases in longevity appear to accompany increasesact systemically, for example to control metabolic rate
in stress resistance, and (2) so far, the results could beor responses to environmental stress. This distinction
interpreted as effects on cell-autonomous processes ofreflects an important unanswered question in aging biol-
free-radical elimination and repair. Meanwhile, nonge-
ogy. With few if any exceptions, normal eukaryotic cells
netic evidence for an important relationship between
age individually, from budding yeast to mammalian cells aging and metabolism (which generates free radicals)
in primary culture to mammalian cells in tissues (re- comes from observations that dietary restriction (DR)
viewed in Sedivy, 1998). Does the rate of animal aging can substantially increase the life spans of all animals
depend only on the rates of cell-autonomous processes, that have been tested, including C. elegans and Dro-
resulting in accumulation of more and more old cells sophila. This phenomenon was first observed in experi-
with impaired functions? Or is there a systemic clock ments in the 1930s with rodents, where it was shown to
that regulates aging of the organism as a whole? Or is depend only on caloric intake rather than any particular
it both, that there are systemic controls which affect dietary component (reviewed in Sohal and Weindruch,
life span by regulating rates of cellular aging? Recent 1996; Arking, 1998). In mammals, DR causes a rapid
studies have provided new insights into cell-autono- drop in insulin levels and a slowing of metabolism. Thus,
mous aging, as well as, in this issue of Cell, the first its effect could be exerted either by systemic controls
evidence for a gene that regulates life span systemically or at the level of individual cells, and no evidence has
been available so far to distinguish these possibilities.in C. elegans (Apfeld and Kenyon, 1998).
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Aging Genes in C. elegans Cat5/Coq7p that is required for synthesis of coenzyme
Q, a component of the mitochondrial electron transportC. elegans has several advantages for aging studies.
Besides its short mean life span in the laboratory of chain. clk-1(lf) mutations, which show a strict maternal
effect suggesting effects early in the life cycle, result inabout two weeks, it is capable of forming an alternative
third larval (L3) stage called the dauer larva, a state of a marked slowing of many processes, including embry-
onic cell divisions, adult pharyngeal pumping, defeca-diapause, in response to a pheromone released under
conditions of restricted food and overcrowding. Dauers tion rate, and swimming rate, as well as aging, resulting
in almost twice the normal life span (Ewbank et al., 1997).are stress resistant, do not eat, and can live for several
months, up to at least ten times the life span of adults These effects could all be due to a slower metabolic
rate, with the accompanying decrease in production ofthat have developed through the usual four larval stages.
When conditions improve, dauers can exit diapause, deleterious by-products, and in this regard could be
similar to the effects of DR. Double daf-2;clk-1 mutantsmolt to the L4 stage, and resume development into
adults that exhibit the normal two-week life span. C. exhibit additive effects on life span, living up to 5 times
as long as wild type, which suggests that these twoelegans, therefore, has the ability to markedly lower its
aging rate in response to environmental cues, and many genes affect longevity in different ways (Lakowski and
Hekimi, 1996). However, the evidence for these viewsof the genes that regulate diapause entry have been
identified (reviewed in Riddle and Albert, 1997). is not yet definitive. There is disagreement as to whether
daf-16 mutations do (Murakami and Johnson, 1996) orKenyon et al. (1993) first exploited this feature for
aging studies in experiments with the daf-2 gene, in do not (Lakowski and Hekimi, 1996; Lakowski and He-
kimi, 1998) block the life span increase resulting fromwhich temperature-sensitive (ts) loss-of-function (lf) mu-
tations cause constitutive entry into diapause, even clk-1 mutations. A mutation in the eat-2 gene, causing
defective eating behavior which could result in DR, alsowhen food is plentiful. By shifting daf-2(ts) mutant
worms to nonpermissive temperature as L4 larvae, past causes an increase in life span that is not blocked by
daf-16 mutations. However, other eat mutants do notthe point of diapause entry, these researchers obtained
fairly normal appearing adults that lived for more than exhibit the life span increase, which therefore may not
be due to DR in the case of eat-2 (Lakowski and Hekimi,twice the normal life span. This result showed that regu-
lation of life span by daf-2 can be separated from its 1998). We can say at this point only that the daf-2/daf-
16 pathway, acting in an unknown manner on aging rate,control of the morphological changes that normally ac-
company diapause. The first aging-related gene to be and clk-1/DR effects, which could directly affect cellular
processes, may be distinct.described in C. elegans, age-1, defined by an lf mutation
that causes a 60% life span increase (Friedman and The presumed receptor, DAF-2, could in principle ei-
ther be acting as a cell-autonomous metabolic regulatorJohnson, 1988), was found in screens for long-lived mu-
tants. However, this gene now also has been implicated or as part of a systemic life-span control system. To
distinguish between these possibilities, Apfeld and Ken-in diapause control: the age-1 mutation at high tempera-
ture results in constitutive diapause entry and fails to yon (1998) exploited the conceptually simple but power-
ful technique of genetic mosaic analysis: characteriza-complement mutations in the daf-23 gene, which also
are diapause constitutive (Malone et al., 1996). Double tion of animals in which some cells are daf-2(2) and the
rest are daf-2(1). A strain that is homozygous for a daf-daf-2;age-1 mutants live no longer than daf-2 mutants
alone, suggesting that the two genes operate in the 2(lf) mutation, but carries a semi-stable free duplication
including the daf-2(1) gene along with a nucleolar sizesame pathway. Moreover, life span extension resulting
from either daf-2 or age-1 mutations is prevented by marker and other marker genes, will occasionally lose
the duplication during somatic development, resultinglf mutations in the daf-16 gene (Kenyon et al., 1993;
Tissenbaum and Ruvkun, 1998), which block entry into in a clone of daf-2(2) mutant cells in an otherwise daf-
2(1) animal. Absence of the duplication in individualdiapause. Therefore, daf-2 and age-1 normally function
to shorten life span in well-fed worms, and daf-16 func- larval or adult cells can be scored using the nucleolar
marker. Because the complete cell lineage is invarianttion is required to lengthen it under adverse conditions.
The long-lived daf-2 and age-1 mutants also have in- and known, it is straightforward to establish the cell
division at which the duplication loss must have oc-creased stress resistance (see references in Lithgow
and Kirkwood, 1996). curred and thus to know the daf-2 genotype of every
cell in the animal throughout its development. BecauseMolecular analysis of these genes revealed that daf-2
encodes a homolog of the insulin receptor, and daf- several of the tissues in dauers have morphologies or
pigmentation different from normal L3s and adults, one16 encodes a forkhead transcription factor. The daf-
23 gene, now often referred to as age-1 based on the can then ask, is the daf-2 function of preventing entry
into diapause cell-autonomous; that is, do all cells be-noncomplementation results, encodes a PI3 kinase fam-
ily member (see references in Guarente et al., 1998). have according to their genotype so that daf-2(2) tis-
sues have the dauer appearance and daf-2(1) tissuesTherefore, remarkably, homologs of three proteins
thought to be components of the mammalian insulin are like those of normal adults? Or, alternatively, is daf-2
function non-autonomous; that is, can daf-2(2) cellssignaling pathway control aging rate and life span in C.
elegans! sometimes appear normal and daf-2(1) cells appear like
those of dauers? Apfeld and Kenyon answer this simpleAn apparently different type of life span extension
results from mutations in clk-1 and three other genes question very clearly: daf-2 functions nonautonomously.
This means, for starters, that daf-2 function in one partwith similar mutant phenotypes. The clk-1 gene encodes
a homolog of the yeast metabolic regulatory protein of the animal can prevent other parts from undergoing
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Figure 1. C. elegans Cell Origins and Pro-
posed Signaling in Life Span Determination
(A) Origins and progeny fates of early cleav-
age blastomeres.
(B) Possible pathways for controlling dia-
pause entry and life span extension caused
by signaling via DAF-2 and by DR. Please see
text for further explanation. It is possible that
all cells in the animal receive the signals from
sending cells.
the changes that accompany diapause entry, implying is almost always, but not always, sufficient to prevent
diapause entry. By examining the consequences of latersystemic control via some intercellular signal. However,
the most intriguing aspects of these findings are in the losses, the investigators could determine the effects
of smaller sets of daf-2(2) cells, asking whether anydetails.
Figure 1A diagrams the first few divisions in a C. ele- particular combinations are essential for development
to adulthood. In addition, some mosaics had multiplegans embryo. The first cleavage yields two very different
cells, AB and P1, which to a first approximation will losses, producing embryos with a preponderance of
daf-2(2) cells in two or more lineages. Analysis of manygive rise, respectively, to primarily the outside (cuticle-
secreting hypodermal cells, sensory and motor neurons) mosaic animals allowed identification of six different
nonoverlapping sets of cells in which lack of daf-2(1)and the insides (musculature, gut, and germ line) of
the animal. P12 mosaics, in which the daf-2(1)-bearing activity could cause occasional entry into diapause. For
example, animals that were daf-2(2) in only 4 neuronsduplication was lost in the P1 daughter at the first cleav-
age, develop into normal adults with no sign of dauer- and 2 sheath cells, or 11 neurons and 1 socket cell, still
could develop into complete dauers. However, no smalllike tissues, although the insides of these animals are
essentially all lacking daf-2 function. Therefore, in these set of cells or specific type of cell with daf-2(1) genotype
could be identified as essential for choosing the pathwaytissues (comprising not quite a third of the cells in an
L1 larva and less in subsequent stages), this function is to adulthood, suggesting that daf-2 functions within
multiple cell types in a partially redundant manner tonot necessary to prevent diapause entry.
In the reciprocal case, about 50% of AB2 mosaics prevent diapause entry.
Analysis of diapause determination was facilitated bydevelop into adults with no dauer-like tissues, indicating
that daf-2(1) expression in AB descendents is not nec- the possibility of scoring dauer-specific tissues, but
what about life span of these animals? Again, daf-2essary, and expression in P1 descendents can be suffi-
cient to prevent diapause entry. However, the remaining function proved to act nonautonomously and within mul-
tiple lineages in its effects on longevity. Mosaic animals50% of AB2 mosaic embryos develop into complete
dauers, showing that expression in P1 descendants is that developed to adulthood had extended life spans in
approximate proportion to the fraction of their cells thatnot always sufficient to prevent diapause entry. Strik-
ingly, none of the genetically mosaic animals of either were daf-2(2), with only small variations depending on
which lineages were mutant. For example, AB2 mosaicstype found in these or any of the subsequent experi-
ments were phenotypically mosaic; all were complete lived 2 times, P12 mosaics 1.4 times, and ABp2 mosaics
1.25 times longer than appropriate duplication-bearing,dauers or developed into normal adults, indicating some
mechanism by which all tissues reach a consensus deci- genetically marked control animals. Again, daf-2 ap-
peared to act nonautonomously in many groups of sig-sion in response to the systemic signal.
What about the daughters of AB? About 98% of both naling cells to cause life span extension. However, the
survival curves of mosaic animals did not appear toABa2 and ABp2 mosaics developed into adults, indicat-
ing further redundancy: daf-2(1) expression in either be biphasic, suggesting that life span, unlike diapause
entry, is not an all-or-nothing decision.branch of the AB lineage (as well as in the P1 lineage)
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Riddle, D.L., and Albert, P.S. (1997). In C. elegans II, D.L. Riddle, T.These results show that the C. elegans daf-2 pathway
Blumenthal, B.J. Meyer, and J.R. Priess, eds. (Cold Spring Harbor,regulates aging systemically. Because the immediate
NY: Cold Spring Harbor Laboratory Press), pp. 739±768.output of the DAF-2 protein should be intracellular and
Rubin, H. (1998). Nat. Biotech. 16, 396±397.therefore cell autonomous, its activity must result in
Sedivy, J.M. (1998). Proc. Natl. Acad. Sci. USA 95, 9078±9081.production of secondary intercellular signals that can
Shook, D., Brooks, A., and Johnson, T. (1996). Genetics 142,systemically influence aging and diapause entry. Are
801±817.these signals the same? Probably not. While mutations
Sinclair, D.A., and Guarente, L. (1997). Cell 91, 1033±1042.in daf-16 block both daf-2-mediated life span extension
Sohal, R.S., and Weindruch, R. (1996). Science 273, 59±63.and diapause entry, mutations in the daf-12 gene, en-
Tissenbaum, H.A., and Ruvkun, G. (1998). Genetics 148, 703±717.coding a nuclear hormone receptor (NHR) homolog,
Yu, C.-E., Oshima, J., Fu, Y.-H., Wijsman, E.M., Hisama, F., Alisch,block only the latter. Apfeld and Kenyon postulate that
R., Matthews, S., Nakura, J., Miki, T., Ouais, S., et al. (1996). Sciencethis receptor's still unknown ligand, produced by daf-
272, 258±262.
2(1) cells, could be the systemic regulator of diapause
entry. Aging might be controlled similarly via another
NHR family member, of which more than 60 have been
predicted from C. elegans genomic sequencing. More-
over, control of aging may have at least two inputs,
one via daf-2 and one from the processes that mediate
DR, although these branches could merge downstream
of daf-16. One possible rudimentary pathway is dia-
grammed in Figure 1B, where S1 and S2 represent possi-
ble (steroid?) ligands. Finally, this model seems to re-
quire some mechanism, perhaps an additional level of
autocatalytic regulation (not shown), that coordinates
the development of all cells to give the observed consen-
sus decision of each animal to become a dauer or an
adult.
These results still leave open the question of whether
the proximate control of aging rate is exerted systemi-
cally or cellularly. A plausible possibility is that systemic
controls regulate rates of the intracellular enzymatic pro-
cesses that protect against, for example, oxidative dam-
age and its effects, and that the efficacy of these cellular
mechanisms in turn dictates the aging rate. The appar-
ent homology with the mammalian insulin response
pathway raises the exciting possibility that systemic as
well as cellular aging control mechanisms may be con-
served, so that insights gained from C. elegans could
be helpful in developing ways to alleviate the effects of
human aging. Meanwhile, it will be of great interest to
learn more about possible relationships between the
daf-2/daf16 pathway and the stress-response and repair
processes of individual cells.
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